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ABSTRACT

Hadron calorimetry apparatus and techniques as used in the
Fermilab Tagged Photon Spectrometer Facility are described. This
paper concentrates on the iron-acrylic scintillator device which
is used in c¢onjunction with an upstream lead-scintillator
electromagnetic shower calorimeter. Distributions of energy
deposit are given which can be used for Monte Carlo simulations
of hadrconi¢ showers in such devices. We also present results on
calibration, energy resclution and stability. The uses of the
system in triggering on hadronic events in a photon beam and in

the observation of neutral hadrons are described,

Introduction

Calorimeters have played an increasingly important role in

high energy physics experiments. This i3 due, first, to the
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increased resolution possible with higher energy incident
partiecles and, second, to the increased calorimeter ability to
help in selecting rare, but interesting events from the

background. Finally, multiparticle spectrometer experiments have
increased the need for complete event specification 1including
neutral hadrons.

The use of sampling devices, as energies and the need for
larger active areas have increased, is made possible by use of
increasingly inexpensive materials. Production techniques and
assembly procedures have become more industrial in nature. Thege
characteristics are well illustrated by the two devices used for
hadron calorimetry 1in the Tagged Photon Spectrometer Facility
{Figure 1).

The most upstream device is an electromagnetic shower
detector called the SLIC (an acronym for Segmented Liquid
Ionization Caleorimeter). The active c¢ross sectional area of the
SLIC is 2.4m high x 4.%m wide. The downstream device, called the
Hadrometer, is 2.7m high x 4.9m wide. It was designed to measure
that part of the energy from hadronic showers not measured by the
SLIC. Less than 1% of the energy of electromagnetic showers
reach the Hadrometer.

The SLIC and its use in measuring electromagnetic showers
are described in References 1 and 2. In this paper we shall
discuss only those features which are relevant to the hadrcn

calorimetry effcrt.



The Hadrometer is of c¢lassic design using hodoscopic
scintillators attached to approximately adiabatic light guides
which channel the scintillation 1light to large diameter
photomultiplier tubes, The scintillator material is doped
acrylic plastic. This material is inexpeéensive, easily handled
and machined, and can be used in self-supporting arrays without
the crazing which is characteristic of aromatic scintillator
material.

Hadron calorimetry satisfies two needs at the Tagged Photon

Spectrometer. First, it is used in preparing a fast trigger for
photepreoduction of hadroniec events. Second, it 1is used for
detection, identification, and energy and angle measurement of

neutral hadrons in multiparticle events.

Description of Devices

Hadrons deposit significant energy in the SLIC, the upstream
electromagnetic calorimeter. Thus, although designed primarily
to measure electromagnetic showers, it is an important element in
the analysis of hadrons. The SLIC is a tank of doped mineral oil
which contains layers of aluminum clad lead plates. These have
teflon-ccated c¢hannels to direct scintillation light to wavebars
located on the perimeter of the active area.

The 20 radiation lengths of metal sheets and scintillator in
the SLIC comprise 1.5 absorption 1lengths of material. This
material is divided inte 60 equal layers with four sets of

readout strips. Horizontal strips are divided into nearly



noncommunicating right and left-hand sides. There are also u and
v strips tilted at +20.5 degrees with respect to the vertical.
The light from all 20 layers of a given vy, u or v strip is
collected in a single wavebar which transmits the light to a
photomultiplier tube3, located at the wupstream end of the
wavebar. The strips are 3.2 c¢cm wide. Near the center of the
SLIC, each wavebar is connected to its own photomultiplier.
Bevyond 24 y strips and 25 u and v strips, pairs of wavebar share
a s;ngle photomultiplier. This fine granularity (totaling 334
individual counters) is designed for pesition definition of high
energy photons which shower in the SLIC. The signals from a
localized group of these strips are added together to determine
the SLIC contribution to a single hadron shower.

The Hadrometer contains 36 layers of 2.5 c¢m thick steel

plate. These plates were especially flattened to within 0.3 cm
over their 2.7m high x 4.9m wide area. They are stacked on edge
on a 15 ¢m thick steel slab. The steel and scintillator material

together total 6 absorption lengths.

Orthogonal strips of x and y (vertical and horizcntal)
counters were placed in the 36 gaps in the steel. The
scintillator is polymethyl methacrylate doped with 1%
naphthalene, 1% PPO, and 0.01% POPOPY. This material was selected
as the best compromise between the conflicting needs for light
cutput and long attenuation length. The scintillator was cast
between sheets of glass which lay in a horizontal position in the
production o¢vens.> The glass, 2.5m x 2.5m, was not supported in

the middle. The sheets of plastic, nominally 1 cm thick, have



variations of wup to +25%. These variations were systematic, the
edges being thinner. Once the sheets were cut inte (14.3 cm
wide) strips, no detalled selection or matching was performed.
However, the first order variations in thickness are calibrated
out of the final off-line result by incorporation intoc a light
attenuation correction. On line, both thickness variation and
attentuation effects inhibit precision measurements. The strips
for the vertical counters had to be augmented in 1length by
solvent bonding a 30 em piece to one end.

The horizontal and vertical hodoscope elements are located
in alternate gaps in the steel,. The light from the first nine
norizontal strips is collected in undoped acrylic (Type G) 1light
guides as indicated in Figure 1. Similarly, the light from the
first nine vertical strips is collected in a light guide for a
single photomultiplier tube. This arrangement is repeated for
the back 18 gaps.

The classical light guide technique was selected over the
less expensive wavebar technigue after early tests of sample
materials. These tests indicated that a wavebar technique
resulted in 1/15 as much signal as a straight run of acrylic
scintillator to a photomultiplier tube. Thus, light guides allow
for use of a thin acrylic scintillator after each layer of steel.
In addition, there is enough light that some effort can be made
to reduce the nonuniformities due to light absorption in the
scintillator strips. A filter® with cutoff at 4150 A, selected
for this purpose, was placed between each 1light guide and

photomultiplier tube. The resulting attenuation corrections for



horizontal (y) and vertical (x) counters are indicated in Figure
2. Light from the far end of a counter c¢orresponds to
approximately 1.5 photoelectrons for a minimum ionizing particle
traversing a single strip. Approximately twice as much signal
results from a similar particle traversing the scintillator near
the photomultiplier end. The face of the photomultiplier tube is
masked so that the same signal results from each of the nine
strips. This required reducing light from the center strip by
half the unmasked value.

The photomultiplier tube selected for the Hadrometer is a
nine-stage cesium antimony dynode, bialkyli photocathode device.’
These photomultiplier tubes were selected on the basis of their
insensitivity to light level and rate effects, acceptable
photocathode uniformity, and cost. The photomultiplier tubes are
operated with negative high voltage supplies s¢ that the ancde
s5ignal is de coupled to the charge integrating ADC readout
device.8 This, in turn, required that the light guide be wrapped
with metal foil maintained at the photocathede potential to

minimize leakage currents across the face of the photemultiplier

tube. The scintillator is similarly wrapped in a reflective
aluminum foil which, however, 1is electrically floated from the
photocathcecde potential. These aluminum foil wrapped assemblies

were then further wrapped with 0.1 mm mylar to provide physical
and electrical isolation of the aluminum foil from the steel
plates of the Hadrometer. Special attention was required to
prevent the arcing from the aluminum foil to the steel of the

calorimeter. Although the aluminum foil ©provides optical



iseclation from counter to counter, the final light tighting of
the c¢ounters is proevided at the outer surface of the entire
detector.

The high veoltage divider chain circuit diagram is indicated
in Figure 3. This nonlinear chain was selected to maximize
linearity. The transistoers acreoss the last stages of the chain
perform two services. They reduce rate effects to less than 2%
at average anode currents up to 50 microamps and reduce
nonlinearities by a factor of two. The gain of the nine stage
photomultiplier tube is kept low (4x102) in order to insure
linearity of response over a large dynamic range. Peak output
currents are 40 microamps per GeV of deposited energy and the
outputs have a FWHM of 50 nsec.

The anode signal from each channel of the SLIC and
Hadrometer is individually integrated in a charge sensitive apc.8
The integration time for the SLIC is 165 nsec and for the
Hadrometer, 250 nsec. These ADCs are operated with a least count
sensitivity of about 50 MeV.? In order to make use of this
precision, it is necessary to monitor and correct for pedestal
{zero signal level in the ADCs}) and to minimize RF noise and
electrical ground loop contributions. A single output c¢count in
the SLIC and Hadrometer ADCs corresponds to 100 fC and 50 fC,
respectively. These values of charge correspond to dc¢ levels of
0.6 microvolts and 0.2 microvolts of de¢ voltage during the
integration time of the devices. Each input coaxial signal cable
was wrapped around ferrite cores'0 to reduce the effects of

pickup on the cable shield. In order to reduce ground loop



currents te a minimum, the ADC’ s are operated in a
quasi-differential mode, the signal return being isolated from dc
ground on each ADC module by 1K ohm.

A signal is also taken from the last dynode of the front vy
counters. This output is transformer-coupled toc prevent ground
loops when it 1is connected to the Ffast trigger electrical
circuitry. Finally, the high voltage returns contain 150 ohms in
each line. This results in a small de voltage with respect to de
ground for each input channel of the ADC system. High voltage is
supplied to the divider chains from local dc grounded computer
controlled supplies.!! The pedestal! values observed in each
channel change by one or more counts in a +typical one hour
period. The source of these changes has never been isolated.
However, by continously monitoring the pedestal values wusing
dummy strobes, it is possible to predict a pedestal value to

about 1.5 count rms.



Calibration and Stability

The relative calibration of each of the 142 elements of the
Hadrometer is maintained by using special muon c¢alibration data.
The muons result from the absorption of the primary proton beam
upstream of the experimental area. Once every three weeks during
the eXperiment, the normal photon beam was turned off and
triggers wWere set up for the calibration. No intermediate data
are necessary since the calibration values are stable except for
an average reduction in sensitivity of about 1/2% per week.12

The spectrum of light-attenuation corrected muon signals
from the upstream vertical elements is shown in Figure U4, For a
muon at the end of the scintillator opposite the photomultiplier
tube, the signal typically corresponds to 20 counts from the ADC.
The distribution of signals making up this mean value have a FWHM
of 60%. For a muon eguivalent shower energy of 1.2 GeV, this
corresponds to 26 photoelectrons per GeV in a hadronic shower
including both x and y detector elements. As will be seen later,
even at the far end, the statistical fluctuations in number of
photoelectrons (photostatistics) do not contribute significantly
to the overall resolution of the device.

Even for events where the position of a hadronic shower in
the device 1is well known and an attenuation correction 1s
applied, there is an additional resolution contribution from the
systematic effects of using a not quite correct attenuation curve
for each channel. The average shapes of Fig. 2 were used for all
counters. By studying the data for individual counter pcsitions,

we conclude that the systematic errors introduced by these
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standardized shapes are less than 5% in energy resolution.

The absolute overall calibration of the Hadrometer |is
obtained by minimizing the energy resolution of the combined
Hadrometer and SLIC subject to the constraint that the combined
signals equal the measured momentum of incident charged hadrons.
This technique also provides a measurement of the ratio of SLIC
response to hadronic shower energy relative to its response to
eélectromagnetic shower energy. The value of this ratio (.75) is
typical of lead scintillator calorimeters. The absolute
calibration is insensitive to the angle of incidence of the
hadron. Note that the fractional sampling of the device 1is
approximately constant (i.e. independent of angle). Only the
sampling frequency and, therefore, resclution changes slightly.
Thus, the calibration constants (Gg and Gy for the SLIC and
Hadrometer respectively) were determined by minimizing the

expression

fp - (GSES + GHEH)]z (1)

where the measured incident hadron wmomentum 1is p and the
attenuation corrected signals are ES and Ey.

The muon relative calibration technique suffers from the
smalliness of the (equivalent 1.2 GeV)}) signals used. Furthermore,
the adjustment for absolute calibration requires that the entire
system have a linear response since the overall normalization is
made once for the entire device. These two problems were
recognized at the beginning and were the motivating factors which

led to particular care in selecting photomultiplier tubes, noise
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suppression c¢ircuitry, and ADC devices. We find the muon based
calibration to be significantly more stable than that from a
laser based light fiber distribution system which was intended to
monitor gains of individual channels. In addition, the nmuon
technique guarantees that the calibration will have as much in
commen with the physics data as possible. The muon data also
provides measurement of the light attenuation along the detector

elements.

Charged Particle Performance

Calorimetry is executed by treating the SLIC and two-layered
Hadrometer as a single two-layered device. There exist large

fluctuations in the fraction of energy deposited in each layer.

Typically, just over half the hadrons have more than ionization
energy loss in the SLIC. This fraction increases with energy as
indicated in Figure 5. Those hadrons which do have showering

interactions in the SLIC have large fluctuations in the fraction
of energy deposited there. The spectrum of these fractional
deposits is evident in Figure 6 for selected ranges of incident
hadron momentum.

The hadronic shower energy not deposited in the SLIC appears
in the Hadrometer. On average, all but 12% of the primary hadron
energy appears in the upstream Hadrometer layer __independent of
the 1incident energy. About half the incident hadrons deposit
effectively all their energy in the SLIC and upstream Hadrometer.

The half of the hadrons which do deposit shower energy in the
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downstream Hadrometer layer leave only the trailing edge of their
energy in that last layer. Because the amount of energy in the
downstream Hadrometer layer is small and the fluctuation is
large, it is combined with the upstream Hadrometer layer in the
reconstruction analysis used for calorimetry.

Figure 7 shows the transverse distribution of hadronic
shower energy in the layers. In each SLIC (Hadrometer)} layer the
transverse energy distribution is normalized to the total energy
deposited in thirteen (three) counters so that the area under
each curve 1s slightly greater than unity. Also, the
distributions give the fraction of energy deposited in a given
counter when the trajectory of the incident hadron 1is the
indicated distance from the center of that counter. The
distributions differ, therefore, from the “shower shape’” due to
the granularity of the counters. The trajectory is extrapolated
to a plane at the face of each counter layer. As is apparent in
the figure, the normalized shapes are approximately independent
of the energy of the incident particle, but depend on the angle
of incidence of the trajectory.

All these longitudinal and transverse energy distributions
are taken from 1isolated (i.e., physically separated in space)
showers. Although the distributions depend slightly on the
definition of T"™isclated," when suitably smeared by the energy
resclution in each element, they <c¢an be effectively used to
generate events for analysis code development and to predict the

performance of similar devices.
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Shower energy contributions from the SLIC are obtained as
part of a recursive analysis described elsewhere.2 The energy of
an isolated shower is taken to be the sum of the energy deposit
in each layer. In each layer the energy is taken to be the
weighted average of the two or three views.

The fractional distribution of energy deposit in the SLIC

and Hadrometer c¢an be seen in Fig. 8 for 30 GeV/c incident

hadrons and muons. In the regions labelled SLIC dominated and
Hadrometer dominated, there 1is a tendency for the energy
measurement to be higher than the momemtum. This 1is due, in

part, to the fact that the energy measurement in neither device
is allowed to go negative. The showers in these regiocns cause
the assymetric high tail 1in the E/p distribution shown in
Fig. 9a. The high tail can be artificially removed by
substracting from the measured signal an amount corresponding to
13%. This helps reduce the high tails as seen in Fig. 9%9b. This
correction does not significantly affect the full width at half
maximum which is used to describe the achieved energy resolution
in what follows.

The achieved energy resolution is as indicated in Figures 10
and 11. The resolution is found to Dbe independent of the
fractional energy deposition in each layer. It {s described well

by the expressionl!3

E T (2)

where 6. is the FWHM of the E/p distribution divided by 2.36.
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The achieved energy resolution averaged over the c¢alorimeter |is
comparable to that achieved by others in test beams, even when
scaled (by /;) for the thin sampling thickness (t=2.5cm) for most
of this device. Furthermore, photostatistics contributions as
indicated by the muon signals contribute only 25%/JE to the above
result. The resclution is dominated by fluctuations in sampling
and not by such potential hazards as the systematic errors of
attenuation correction, photostatistics or other unknown effects.
Failure to include the energy in the back half of the Hadrometer
(i.e., using only 4.5 absorption lengths) degrades the resoclution
by 20% (to goz/JE).

In addition to the total energy, the position in the
calorimeter o¢of an 1incident particle can be determined from the
energy deposition. The position is <calculated from the first
moment of the energy distribution, efgf, according to the

following expression:

¥ centroid = ; x; Ej/L By (3
i

This expression is used for one or more layers where the values

Xi are taken as the center of the relevant calorimeter element,
and the energy E; is the energy deposited in that element. As
can be seen from Figs. 12 and 13, the position resolution
Improves with energy but does not get to be better than
approximately 4.5 cm, rms. This rms value is obtained using all

the events. If one uses a single gaussian as in Figure 13, a

smaller value of position uncertainty is obtained, but the single
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gaussian is a poor representation of the data. The sum of two
gausslans provides a much better fit, but not a very simple
description of the resclution. The resclution obtained using the
entire calorimeter is better than that from any individual layer
alone, even the SLIC layer with its finer (i.e. narrower)
elements.

The width of isolated showers can similarly be calculated
from the second moment of the energy distribution. It is

calculated from the expression, for example,
2 2
¥y = LE Wepack = Y1) fi Ey (4)

The square roots of the average of sz and wyz in individual and
summed layers are given and in Fig. 14 as a function of incident
particle momentum. These data are for particles which are
isolated in the calorimeter and at nearly normal incidence.
Typical squared width distributions used to generate the above
curves are shown in Fig. 15.

Puring the course of the experiment, the SLIC-Hadrometer
combination was not used to determine the energies or positions
of individual charged hadrons. However, the results reported in
this section are expected to apply equally well to neutral
hadrons detected in the calorimeter. Criteria for identifying
showers, efficiency of cuts, and confidence in results are
obtained by direct comparison of the same distributions for
neutral hadrons as those discussed in this section for charged

hadrons, Where relevant, calorimetric shower centroids are used
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in place of projected track locations so that comparisons are

appropriate,



17

Neutral Hadron Detection and Measurement

The method of neutral hadron detection starts with the
off-line subtraction from the Hadrometer data of predicted
signals for each of the track-reconstructed charged particles.
The subtraction corresponds to the incident charged particle
energy minus that part detected in the SLIC. Hesidual signals in
the Hadrometer are then identified with neutral hadrons. This
identification is made only if the residues are significantly
larger than the-uneertainties of the subtractions associated with
charged particles and if the resultant signals are consistent
with hadronic¢ shower distributions in both x and y views. The
calculations of the neutral particle energy, position and shower
width are made as described for charged hadrons__using both the
Hadrometer residues and SLIC showers previously found.

As a test of the quality of the results, the width
distributions for neutral hadrons may be compared to those of
isolated charged hadrons, both from typical multiparticle data
(Figure 16). A more compelling demonstration of the capability
of the neutral hadron measurement 1is the observation of phi
mesons. These are observed to decay into a pair of neutral
hadrons, Kg and K|,. The Kg is detected by its subsequent decay
into charged pions. For events with a KS and an apparent neutral
hadron, the effective mass of the KS and neutral hadron is
calculated (using energy and position data from calorimetry for
the K;) and shown in Figure 17. The peak at 1020 MeV corresponds

to detected phi mesons. The measured width (36 MeV FWHM,

dominated by the K, energy measurement) agrees with the expected
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resolution.

Triggering on Hadronic Events in a Photon Beam

When a high energy photon beam strikes a fixed nuclear
target, two «classes of interactions occur. The most likely
interaction is the production of an electron and positron pair
which travel in the direction of the incident photon. The second
class of events, in which hadrons are produced, occurs at the
rate of less than 0.1% of the sensible rate of the first class.
The hadrons are typically produced at a wide range of angles with
respect to the 1Incident photon beam. This differing angular
distribution and the fact that electrons and positrons will
produce electromagnetic showers early in material with high
atomic number can be used to separate the twe classes of
interaction.

All the counter elements of the Hadrometer and those
elements of the SLIC which are outside of the horizontal plane
are sensitive to hadronic interactions. The magnetic field of

the analyzing magnets 1in the forward spectrometer bends the

electron and positron out of the forward direction in a
horizontal plane at beam height. In order to avoid inclusion of
the energy from such electrons and pesitrons, the <c¢entral

horizontal SLIC counters are excluded from the sum which is used

to identify hadronic interactions.
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In principle, the lowest possible threshold for energy
coming from the produced hadrons is desired in a trigger in order
to be efficient for the highest possible fraction of hadronic
interactions. However, electronic noise from the several levels
of fan-in circuitry and pickup from the many cables used 1in the
signal transport puts a lower limit on this threshold. There is
also some leakage due to electron-positron pairs which end up
depositing energy outside the excluded regions. Figure 18
indicates the relative rate of triggers (i.e., the trigger
efficiency) as a function of the effective on-line threshold for
combined energy in the SLIC and Hadrometer. The actual threshold
is 15 to 30 GeV, varying with incident photon energy, but
corresponding to 22% of the photon energy. This provided very

nearly 100% efficiency for hadronic interactions.

Particle Identification

The lowest mass particles (photons, electrons and positrons)
deposit less than 1% of their energy in the Hadrometer. A test
on this can be used t¢ identify both electrons and positrons
(whose energy is known by their having been tracked through the
magnetic field upstream) and the photons which arrive unheralded
at the calorimeters. While the electrons and pesitrons can be
identified by the equality of their S8SLIC energy and their
measured momentum, no such test can be performed for the photons.
Photons are identified by energy deposit in the SLIC without a

charged particle track entering at that location and without
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energy deposit in the Hadrometer behind the SLIC deposit. Thus,
the Hadrometer i{s crucial for the pesitive identification of the
photons.

Mucns provide very characteristic signals in the SLIC and

Hadrometer. These are the signals described in the calibration
section. The absolute energy deposit in each layer can be used
to 1dentify muons. Figure 6 shows a very clean separation of

hadrons from muons (the "showers" near the origin of the scatter
plot). Of course, at a few GeV, the separation becomes much less
distinct.

Pions, kaons and protons interact slightly differently in
the calorimeters, especially near the beginning of the shower.
However, the fluctuations in individual shower development are so
large that is not possible to wuse these differences to do

particle identification particle by particle.

Conclusion

The Fermilab Tagged Photon Spectrometer Hadrometer makes use
of 2.5 em 1iron plates and acryliec scintillator {(totaling 6
absorption 1lengths). In c¢ombination with the wupstream 20
radiation length (1.5 absorption length) electromagnetic shower
detector, an energy resolution of 75%YE is achieved for 1incident
hadrons. The energy resolution is dominated bhy the shower
fluctuations and not photo-statistics or calibration and material
nonuniformities. Position resolution of a few cm, varying with

energy, is also achieved.
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The uae of these calorimeters 1in triggering on Thadronice
events, detecting and measuring neutral hadrons and particle
identification in an actual -experiment at the Tagged Photon
Spectrometer have been described. Detalls of the detector “s use

have depended on its energy resolution and segmentation.
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Spectrum of light-attenuation corrected muon signals from
the upstream vertical Hadrometer counters.
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Figure 7
Transverse hadronic shower “shapes’  as seen by elements of
{a) in the SLIC for particles with

the indicated granularity
incident angles (@)

Hadrometer vs (b) energy and
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incident angle.
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Figure 8

Energy sharing between the SLIC and Hadrometer for 30 GeV

hadrons and muons.
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directions versus energy (momentum).
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Figure 16

Neutral shower “shapes’ relative to shower centroid as
by Hadrcmeter {front and back sum)

38

seen

at various incident

energies. The curve is that for isoclated charged hadrons

relative to shower centroid.
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